SnO2 ceramic nanoparticles homogeneously doped with Sm 3+ ions were synthesized via a sol-gel method, followed by drying and annealing in air. Xray diffractometry, FT-IR spectrometry and transmission electron microscopy were used to characterize the nanoparticulate samples. After annealing, both doped and undoped SnO2 nanopowders were shown to adopt the rutile tetragonal crystal form and to exhibit characteristic Sn-O-Sn vibrations. The average particle size was found to be in the region of 23-28 nm. Photoluminescence analysis at room temperature demonstrated strong enhancement of the visible emission from Sm 3+ , via energy transfer from the SnO2 host matrix to the dopant. The maximum emission efficiency was observed for a concentration of 1.5 atom % Sm 3+ .
Introduction
Lanthanides (Ln 3+ ) are well-known for their applications in optoelectronics, owing to their remarkable luminescence properties [1] . Their stabilities, emission lifetimes and quantum yields are advantageous for many potential applications in optoelectronic devices [2] and optical communications [3] .
However a drawback of lanthanides is their weak absorption for direct excitation due to the spin-forbidden nature of f-f transitions, which limits their efficiency [1] [2] [3] [4] [5] .
The demand for an improvement in energy efficiency in optoelectronic devices has prompted extensive research into enhancement of luminescence by host sensitization via energy transfer mechanisms [1, 4, 5] . Successful energy transfer from the triplet states of organic ligands to their neighboring ions has been widely reported for metal-organic complexes, but these materials often lack thermal stability, which is vital for many solid-state device applications [6, 7] .
The incorporation of Ln 3+ ions into nano-scale metal oxide ceramic powders has the potential to enhance their luminescence via host-sensitization. Nano-scale oxide semiconductors perform differently from their bulk counterparts because of quantum size effects [8] . The ease of tailoring their luminescence via structural and morphological control, their electro-and photo-excitability and their long-term stability make them good hosts for sensitized emission [8] [9] [10] .
SnO2 is a well-known n-type semiconductor with a wide band gap (Eg=3.6eV at 300K). Its mechanical, optical, thermal and chemical properties could render it an excellent host sensitizer for Ln 3+ . Literature reports on the optical properties of SnO2 ceramic nanoparticles are relatively scarce. Studies of SnO2 doped with ions such as Er [11] , Dy [12] , Eu [13] , Sb [14] and Mg [15] have been reported, but to the best of our knowledge, very few reports exist of host sensitization energy transfer studies involving SnO2 nanocrystals and Sm 3+ ions [16] . Sensitized emission from semiconductors has mainly been reported for TiO2 host structures [5] , but in most cases the semiconductor was embedded in a partiallycrystalline or amorphous matrix, and the resulting reduction in site homogeneity and symmetry led to broadening of the emission peaks at room temperature.
The preparation of ceramic nanoparticles via the sol-gel route usually has a low cost, as it involves the use of inexpensive precursors and solvents and requires only mild reaction conditions using common laboratory apparatus. In this work, we report a facile sol-gel synthesis of pure and samarium-doped SnO2 nanoparticles. Photoluminescence (PL) enhancement of Sm 3+ ions via energy transfer from the SnO2 semiconductor host was observed, with sharp, wellresolved emission lines at room temperature. The photoluminescence intensity was dependent on the amount of energy transferred from the host to the dopant and the emission enhancement and quenching were tunable by adjusting the Sm 3+ content. In addition to the PL studies, we also report the morphological and structural effects of doping, and propose a simple mechanism of energy-transfer via host sensitization.
Experimental

Preparation of Sm 3+ -doped SnO2 nanocrystals.
All chemicals were purchased from Sigma-Aldrich UK, and used as-received with no further purification. Sm(III)-doped SnO2 nanoceramic particles were prepared as follows: 0.2 mol of tin (IV) chloride pentahydrate was dissolved in 100mL of methanol under vigorous stirring for 15 min to form a transparent solution. Samarium (III) chloride hexahydrate was added to the above solution to achieve doping concentrations between 0-3.0 at.% Sm with respect to the tin content. After a further 15 min stirring, 2 mol dm -3 aqueous ammonia was added dropwise until pH 8 was reached. The addition rate of aqueous ammonia was adjusted to 0.5 mL min -1 in order to maintain the chemical homogeneity of the forming gel. The intermediate hydroxide product was then stirred for 1 h at 353K before the solvent was allowed to evaporate overnight. The resulting xerogel was washed several times with methanol and distilled water to remove any unreacted metal halides. After drying at 393K for 1h, the gel powder was ground in a mortar and finally annealed at 673K for 3h to yield a very paleyellow nanocrystalline tin oxide product.
Characterization
X-Ray powder diffraction measurements were performed on all samples with a Bruker AXS D8 Advance powder X-ray diffractometer using Cu Kα radiation (λ=0.1542 Å) from a source run at 40kV and 25mA, in the diffraction angle range 15 to 70° 2-theta. The average crystallite size was estimated using the Scherrer
L=Kλ/βcosѲ where L is the crystallite size, K is a geometric factor (taken here as 0.9), λ is the x-ray wavelength, β is the peak broadening in radians at half the maximum height and Ѳ is the diffraction angle. The specific surface areas of the nanocrystallites were measured by the BET technique using a Belsorp Mini II instrument from BEL, Japan. Attenuated total reflectance infrared spectroscopy was performed on all samples using a diamond crystal Thermo Scientific Nicolet iS5 iD5 ATR spectrophotometer. The spectra were recorded in transmission mode with a resolution of 4cm -1 between 500 and 4000cm -1 . The morphology of the particles was observed by transmission electron microscopy using a JEOL JEM1010 with an accelerating voltage of 80kV. The powder was dispersed by serial dilutions in methanol and then prepared for TEM by placing a drop of each dilution onto a Formvar ® support film copper grid (Agar Scientific Ltd.). No further treatment or staining was required. Photoluminescence studies of solid solution-cast films on quartz slides were carried out at room temperature, using a Varian Cary Eclipse fluorescence spectrophotometer with a 300W Xe lamp excitation source. The spectrometer was calibrated using the fluorescent emission of Rhodamine-B and appropriate correction curves. Measurements were performed with a slit setting of 1.5nm for excitation and emission at a scan rate of 120nm min -1 .
Results and Discussion
Characterization of Sm 3+ -doped SnO2 nanocrystals
Morphology, crystal properties and UV-visible absorption analysis.
The XRD patterns of doped and undoped SnO2 nanoparticles are shown in Fig. 1 .
The peaks were assigned to the (110), (101), (200), (211), (220), (002) and (310) diffraction planes of tetragonal rutile-structured SnO2 (JCPDS PDF 41-1445) [17] . No traces of additional peaks characteristic of impurities such as samarium oxide or stoichiometric samarium tin oxides were observed, indicating that the dopant was distributed throughout the SnO2 phase.
For all samples, doped and undoped, the broadening of the diffraction peaks indicated nanoscale crystal dimensions. The average crystallite size calculated by means of the Scherrer equation was in the region of 23 to 28 nm, as indicated in Table 1 . The data suggest that doping Sm 3+ into SnO2 increased the average particle size, although it is not yet known whether this was due to a reduction in the nucleation rate or an increase in the growth rate of the nanoparticles. The fractional doping of samarium per tin atom was confirmed by inductively-coupled plasma (ICP-AES) analysis after dissolution of the samples in aqueous HCl.
The band gap values shown in Table 1 were obtained using UV-visible absorption spectroscopy, by extrapolating the steep absorption edges to meet the sample baseline, and conversion of the corresponding absorption onset wavelength to energy using Planck's equation. There was a significant blue-shift of the band gap transitions for doped nanocrystalline SnO2 relative to that of bulk SnO2 (3.6 eV), which is consistent with a quantum confinement effect. The band gaps of the Sm-SnO2 nanoparticles varied from 3.71 eV for 0.5 atom % Sm to 3.84 eV for 3 atom % Sm; their monotonic increase with the dopant concentration tends to support our belief that the Sm 3+ ions homogeneously entered the crystal lattice of SnO2 rather than forming a separate phase.
A typical TEM micrograph of SnO2 #2 is shown in Fig. 2 , with a Gaussian profile (inset) showing a fairly narrow distribution of particle sizes. The TEM images revealed nearly-spherical particles with sizes in the range of 23-28 nm. Some degree of agglomeration became noticeable with increasing Sm 3+ content. The broad band peaking around 3100 and 3300 cm -1 is attributable to a OH stretching vibration. Some residual bands of CH3 are also seen at 3000 cm -1 .
Other bands corresponding to overtones of OH and δOH are detected at 1400, 1131 and 1012 cm -1 . The strong band at 653 cm -1 is associated with asymmetric Sn-O-Sn stretching [18] . A comparison between spectra (a) before and (b) after annealing confirms the elimination of organic residues and the successful condensation of the hydroxyl groups to form Sn-O-Sn bridges.
Annealing is therefore essential during sample preparation in order to ensure the purity of the tin oxide ceramic particles.
Photoluminescence sensitization of Sm 3+ -doped SnO2 nanocrystals
The emission spectra of our materials featured three peaks at 545, 595 and 695 nm, attributed to electronic transitions from the excited 4 G5/2 state to the 6 H5/2, 6 H7/2, and 6 H9/2 states, respectively. Fig. 4 shows the excitation spectrum of a typical sample with a broad peak centered at 300 nm, as well as the sensitized emission spectrum of Sm 3+ . Since the crystallinity would be expected to affect the PL efficiency, all samples undergoing PL analysis were annealed at a standard temperature of 673K.
Efficient sensitized emission from the Sm 3+ dopant in the nanocrystals was achieved upon excitation above the band gap energy of the SnO2 host. When excited in this way, the Sm 3+ visible emission in the yellow-orange region of the spectrum was enhanced, relative to the much weaker emission obtainable via direct excitation of the Sm 3+ ions at a wavelength of 402nm. Fig. 5 provides a comparison of the emission intensity between the two pathways of excitation and illustrates energy transfer from host to dopant, with an efficiency exceeding that of direct excitation via the parity-forbidden f-f transitions of Sm 3+ . In fact, excitation lines arising from f-f transitions were barely detectable because of the much more efficient host-to-dopant pathway of excitation.
To investigate the effect of the proportion of Sm 3+ dopant on the PL intensity, samples were doped at different concentrations (Table 1) . For the 4 G5/2 -> 6 H7/2 transition, maximum emission intensity was found to occur at around 1.5 atom % Sm 3+ , as shown in Fig. 6 . This can be explained by assuming energy transfer as described by Dexter [19] , in which the mechanism is a short-range nonradiative exchange interaction. Therefore, both the Sn-Sm ionic distance and the distance between Sm 3+ centers might be critical; the latter because it may contribute to quenching by cross-relaxation of neighboring samarium ions when they are present in excess. This seems to be manifest at doping concentrations above 1.5 atom %, beyond which a diminution of photoluminescence efficiency is noticeable. The calculated critical distance between Sm 3+ ions at 1.5% is about 9.2 Å (0.92 nm); such a range would be consistent with Dexter's model for energy transfer. This is a little surprising, since longer-range mechanisms involving electric multipole transitions might be expected to play a role in quenching the excited lanthanide ions.
Some other photoluminescence enhancement studies of Sm 3+ in oxide hosts have been reported [8, [20] [21] [22] ; however these were postulated to proceed via energy transfer mechanisms involving complex networks. In most of these cases, emission line broadening and unidentified shoulders are often observed, and are ascribed to structural lattice defects, oxygen vacancies and surface states. Luo et al [20] reported fewer defects and less obvious shoulders at 10K for Sm 3+ -doped TiO2, but weaker host-sensitized luminescence was detected. Titania nanocrystals often undergo structural phase changes during the annealing process [23] , and control of structural defects and surface states is difficult.
Several cases have been reported of lanthanide doping of TiO2 nanocrystals to favor one phase over the other in respect to desirable optical properties [5, 20, 22] . SnO2 nanocrystals, on the other hand, show a single rutile structure.
However, Sn 4+ and Sm 3+ ions have different covalent and ionic radii (0.71Å and 0.96Å, respectively) and for every Sn substitution by Sm generates oxygen vacancies to keep overall neutrality, creating local lattice distortion.
Consequently, oxygen vacancies cannot be excluded when accounting for the slight broadening of the Sm 3+ emission peaks, and they may indeed mediate the energy transfer from host to dopant, as claimed by Singh et al. [16] for SnO2 and by Liu et al. [5] for ZnO and TiO2. Singh and his co-workers [16] recently reported sensitized luminescence of Sm dopant in SnO2 nanoparticles; their sensitized emission spectra were broad and not well resolved, but those authors discovered important annealing consequences including the removal of quenching surface hydroxides, in contrast to earlier research [24] . Furthermore, given the clear enhancement in photoluminescent efficiency in the spectra reported here, along with the observed crystal-field splittings not previously detected via direct excitation, a possible interpretation of the splitting and sharp emission is the highly crystalline surrounding environment of the Sm 3+ lattice sites within the ceramic nanocrystals [25] . and Sn 4+ ions, in accordance with Dexter's model [19] . Given the evident effect of samarium doping concentration on the intensity of PL emission, we believe a double energy transfer may occur between Sn 4+ and Sm 3+ and, as this very shortrange process requires the overlap of wavefunctions between the two species, the rate of energy transfer by electronic exchange is, on Dexter's model, an exponential function of their separation.
Sensitized energy-transfer mechanism
The energy corresponding to excitation of our nanocrystals at 300nm exceeds the band gap energy of the SnO2 nanocrystals, which in turn, is higher than that of bulk SnO2 ; this is consistent with the notion of the energy being transferred to the excited state of a neighboring Sm 3+ ion. Excitation at 300nm (4.1eV) might possibly result in nonradiative transfer to 4 D7/2, the next available excited state of Sm 3+ . We propose that non-radiative decay of energy from 4 D7/2 to 4 G5/2 precedes the production of orange-yellow emission from the lowest excited state of Sm 3+ to the lowest available ground state, giving rise to emission lines corresponding to the transitions: 4 G5/2 -> 6 HJ, J= 5/2, 7/2, 9/2 and 11/2.
Conclusion
The synthesis of Sm 3+ -doped SnO2 via a sol-gel method has produced uniform spherical nanoparticles with a narrow size distribution. XRD all showed the same rutile crystalline patterns for doped samples at different concentrations, very similar to that of undoped SnO2. The average particle size was determined by XRD and TEM, with average values in the region of 23-28nm. Dopant concentration was found to have a prominent role in determining crystallite size.
The band structure of the particles showed a strong quantum confinement effect, and the excited electronic states were high enough to allow energy transfer from the host to Sm 3+ . The observed increase in the relative intensity of photoluminescence data revealed strong enhancement due to host sensitization, with a maximum intensity at around 1.5 atom % Sm 3+ ; higher Sm contents resulted in quenching effects and possible increases in oxygen vacancies and surface defects. 
